The probability of a single pole-to-ground fault in high voltage direct current (HVDC) transmission lines is relatively high. For the modular multilevel converter HVDC (MMC-HVDC) systems, when a single pole-to-ground fault occurs, the fault current is small, and it is difficult to identify the fault quickly. Through a detailed analysis of the characteristics of the single pole-to-ground fault of the MMC-HVDC transmission line, it is found that the single pole-to-ground fault has obvious capacitance-related characteristics, and the transient process after the single pole-to-ground fault is the discharge process of the distributed capacitance of the line. However, other faults do not have such obvious capacitance-related characteristics. Based on such feature, this paper proposes a novel capacitive fuzzy identification method to identify the single pole-to-ground fault. This algorithm can effectively identify both the fault of single pole-to-ground and the fault pole, which can contribute to the large database of the future smart grid.
Introduction
The past decade has witnessed a dramatic booming of renewable energy around the globe, while the large penetration of them into power grid has become a common phenomenon and is deemed as the future trend of smart grids by both developed and developing countries [1] [2] [3] . However, their inherent property of high randomness and intermittency inevitably results in numerous problems [4, 5] . Particularly, the renewable energy is usually located far from load centers thus an effectively bulk electrical power transmission with long distance is of great importance to ensure a reliable and controllable power supply [6] .
In recent years, due to its unique technical and economic advantages, high voltage direct current (HVDC) systems have been widely used in long-distance large-capacity power transmission and large-area network scenarios. The rapid HVDC system development is due to the fact that it can enable an asynchronous operation of two power systems and connect power systems with different frequencies, which means that an HVDC system can be interconnected asynchronously and it also has the ability to prevent inadvertent loop flows in an interconnected alternating current system [7] [8] [9] [10] [11] .
Compared with traditional direct current, modular multilevel converter direct current (DC) [12] [13] [14] [15] [16] [17] [18] transmission system has many advantages, such as no reactive power compensation problem, no commutation failure problem, power supply for passive system, independent regulation of active
System Modelling of MMC-HVDC
An MMC-HVDC system [27] is mainly composed of MMC converter stations at both sides and DC transmission lines. The structure of MMC-HVDC system is shown in Figure 1 . Here, alternating current (AC) systems at both converter stations are active networks, and the equivalent model of AC system with a rated voltage of 230 kV and frequency of 50 Hz is adopted. The winding of the valve side of the connecting transformer adopts triangle connection without neutral point, while the AC side of the connecting transformer adopts star connection and its neutral point is directly grounded. The DC side is grounded by the clamp resistance (R d ) whose resistance value is very large. The main function of the clamp resistance is to provide the voltage at both poles of the clamp and the potential reference point of the DC system during normal operations. The rated DC voltage is ±320 kV, the transmission line is 400 km, and the rated power is 1200 MVA. Four observation points are set on the MMC-HVDC system at the rectifier and inverter. The corresponding voltage and current can be measured at the observation point. u Rp and u Rn are, respectively, the positive and negative voltage on the rectifier side, and u Ip and u In are, respectively, the positive and negative voltage on the inverter side. i Rp and i Rn are positive and negative currents on the rectifier side, while i Ip and i In are positive and negative currents on the inverter side. The reference direction of the current is shown in Figure 1 . The circuit diagram of a symmetrical MMC and the structure of one sub-module are shown in Figure 2 . The arm inductances and sub-module capacitances of each MMC are La = 50 mH and C = 2800 µF, respectively. 
Single Pole-to-Ground Fault Analysis
In the MMC-HVDC system shown in Figure 1 , the DC side bus is grounded by clamping resistance. Since the DC side is grounded by two large resistors, the DC voltage at both poles is clamped to provide potential reference points for the DC system. As the DC valve sides at both ends are triangular wiring, when a single pole-to-ground fault occurs in the MMC-HVDC system, there is no connection point to the ground. Additionally, the clamping resistance on the DC side has a large resistance value, which can be approximately regarded as open circuit when single pole-to-ground fault occurs. For the AC side, only the potential reference point of the DC system is changed theoretically, while the DC system can still transmit power. For DC transmission lines, after steady state, the fault pole voltage is reduced to 0, the other pole voltage is clamped to the double, and the interpole voltage Udc remains unchanged. Therefore, the insulation level of non-fault pole is required to be higher, and the transmission system should diagnose the single pole-to-ground fault in time.
Transient Process after Single Pole-to-Ground Fault
If the system has a pole-to-ground fault at the positive pole line f1, due to the distributed capacitance of the transmission line, after the fault pole is grounded by the resistance Rf, the 
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Single Pole-to-Ground Fault Analysis
In the MMC-HVDC system shown in Figure 1 , the DC side bus is grounded by clamping resistance. Since the DC side is grounded by two large resistors, the DC voltage at both poles is clamped to provide potential reference points for the DC system. As the DC valve sides at both ends are triangular wiring, when a single pole-to-ground fault occurs in the MMC-HVDC system, there is no connection point to the ground. Additionally, the clamping resistance on the DC side has a large resistance value, which can be approximately regarded as open circuit when single pole-to-ground fault occurs. For the AC side, only the potential reference point of the DC system is changed theoretically, while the DC system can still transmit power. For DC transmission lines, after steady state, the fault pole voltage is reduced to 0, the other pole voltage is clamped to the double, and the interpole voltage U dc remains unchanged. Therefore, the insulation level of non-fault pole is required to be higher, and the transmission system should diagnose the single pole-to-ground fault in time.
Transient Process after Single Pole-to-Ground Fault
If the system has a pole-to-ground fault at the positive pole line f 1 , due to the distributed capacitance of the transmission line, after the fault pole is grounded by the resistance R f , the distributed capacitance of the non-fault pole and the fault pole will form a path for the fault transient current illustrated in Figure 3 . The simulation results show that the current flowing from the fault point to the negative electrode line coincides with the current flowing from the positive electrode line to the fault point, which is consistent with the theoretical results. The fault current comparison is shown in Figure 4 . The current observed in the positive electrode line at the rectifier side and the inverter side is basically consistent with the current measured at the fault point, while the fault current is slightly greater than the sum of the current measured at both ends. This is because the inter-electrode distributed capacitance conduction provides a path for part of the fault current, which does not pass through the measuring points at both ends.
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Correlation Analysis of Single Pole-to-Ground Fault
The transient process of MMC-HVDC system after a single pole-to-ground fault is the discharge process of line distributed capacitance. From Equation (1), it can be seen from the relation of voltage and current of capacitor element that if the relationship of the current and voltage change rate is proportional, the element is considered to be capacitive [28] . For the transmission line, it is actually a complex RLC circuit with both capacitive and inductive characteristics. That mean the transmission line is a second order system, which is shown in Figure 5 . This paper analyzes and describes the difference between a single pole-to-ground fault and other types of fault from the perspective of capacitive characteristics. The correlation coefficient between voltage change rate and 
The transient process of MMC-HVDC system after a single pole-to-ground fault is the discharge process of line distributed capacitance. From Equation (1), it can be seen from the relation of voltage and current of capacitor element that if the relationship of the current and voltage change rate is proportional, the element is considered to be capacitive [28] . For the transmission line, it is actually a complex RLC circuit with both capacitive and inductive characteristics. That mean the transmission line is a second order system, which is shown in Figure 5 . This paper analyzes and describes the difference between a single pole-to-ground fault and other types of fault from the perspective of capacitive characteristics. The correlation coefficient between voltage change rate and current is proposed to characterize the capacitive characteristics of the observation point after failure.
The correlation coefficient of Pearson is to measure the correlation degree of two variables by using covariance and variance, which is not affected by the amplitude of variables [29] . The correlation coefficient of Pearson can effectively measure the similarity of two different variables, and the discrete expression of the correlation coefficient is described as
where x and y are two different variables, x = {x 1 , x 2 , . . . , x n }, y = y 1 , y 2 , . . . , y n , and n are the sampling points. Variable du/dt is equivalent to x, and variable i is equivalent to y.
Here, r = ρ(du/dt, i) = 1 indicates that the change rules of the two variables du/dt and i are exactly the same, e.g., the correlation is the strongest and the two waveforms represented are completely similar. Meanwhile, r = ρ(du/dt, i) = −1 indicates that the change rules of two variables du/dt and i are completely opposite, e.g., the strongest correlation is negative. The two waveforms represented are axisymmetric and completely similar as negative. When the absolute value of r is close to zero, it indicates that the variation rules of the two variables are significantly different, e.g., the correlation is extremely weak and the similarity of the two waveforms represented is extremely low.
For pole-to-ground faults, the correlation between the voltage change rate and the current at the measurement point is related to the internal structure of the MMC and the length of the transmission line. For the studied system, the internal structure of the MMC has been determined. The variation of the correlation coefficient ρ(du/dt, i) between the voltage change rate and the current at the measurement point is mainly related to the line length: the longer the transmission line, the greater the distributed capacitance between the poles, and the greater the correlation coefficient between the voltage change rate and the current obtained at the measurement point.
The positive pole-to-ground fault of the transmission line is simulated through the whole line to obtain the correlation coefficient between voltage change rate and current at different fault locations, as shown in Figures 6 and 7. One can observe that the correlation coefficients between the voltage change rate and current of the positive pole on the rectifier side and the inverter side are compared, as well as the correlation coefficients of the negative pole. Similarly, the correlation coefficients of the positive and negative pole on the rectifier side and the correlation coefficients of the positive and negative pole on the inverter side are compared, respectively, as well as the correlation coefficients of two different transition resistances.
As it can be seen from Figures 6 and 7 , in the case of proximal fault (the fault is close to the rectifier side), the correlation coefficient between the voltage change rate and the current of the positive pole line on the rectifier side is close to zero. With the increase of fault distance, the correlation between positive line voltage change rate and current increases, and the absolute value of correlation coefficient increases, but it is negative, indicating that the negative correlation is gradually increasing. The correlation coefficient between the voltage change rate and the current of the negative line on the rectifier side is also close to zero when the proximal fault occurs. With the increase of the fault distance, the correlation between the negative line voltage change rate and the current increases and it is positive. The absolute value of the correlation coefficient increases. The correlation between the voltage change rate and the current on the inverter side is opposite to that on the rectifier side. When the proximal side of the rectifier fails, the correlation coefficient between the voltage change rate and the current on the positive side of the inverter side is the most negative, showing a strong negative correlation. With the increase of fault distance, the absolute value of correlation coefficient decreases, and the negative correlation weakens. The correlation coefficient between the negative line voltage change rate and the current on the inverter side is the positive maximum value in the case of proximal fault (the fault is close to the rectifier side), showing a positive strong correlation. With the increase of fault distance, the absolute value of correlation coefficient decreases, and the positive correlation weakens. Moreover, the correlation coefficient between the voltage change rate and the current at the same positive and negative observation points is roughly one positive and one negative.
Energies 2020, 13, x FOR PEER REVIEW 7 of 18 the voltage change rate and the current on the positive side of the inverter side is the most negative, showing a strong negative correlation. With the increase of fault distance, the absolute value of correlation coefficient decreases, and the negative correlation weakens. The correlation coefficient between the negative line voltage change rate and the current on the inverter side is the positive maximum value in the case of proximal fault (the fault is close to the rectifier side), showing a positive strong correlation. With the increase of fault distance, the absolute value of correlation coefficient decreases, and the positive correlation weakens. Moreover, the correlation coefficient between the voltage change rate and the current at the same positive and negative observation points is roughly one positive and one negative. the voltage change rate and the current on the positive side of the inverter side is the most negative, showing a strong negative correlation. With the increase of fault distance, the absolute value of correlation coefficient decreases, and the negative correlation weakens. The correlation coefficient between the negative line voltage change rate and the current on the inverter side is the positive maximum value in the case of proximal fault (the fault is close to the rectifier side), showing a positive strong correlation. With the increase of fault distance, the absolute value of correlation coefficient decreases, and the positive correlation weakens. Moreover, the correlation coefficient between the voltage change rate and the current at the same positive and negative observation points is roughly one positive and one negative. When the positive pole-to-ground fault occurs on the transmission line, for the positive electrode line, the correlation coefficient
change rate and the current obtained from the two observation points on the rectifier side or the inverter side is less than or equal to certain value r1
If the correlation coefficient of the rectifier side is greater than r1 and close to zero, while the correlation coefficient of the inverter side is less than r1, the fault location is closer to the rectifier side. If the correlation coefficients of the rectifier side and the inverter side are less than r1, the fault location is located in the middle of the transmission line. If the correlation coefficient of the rectifier side is less than r1, while the correlation coefficient of the inverter side is greater than r1 and close to zero, the fault location is closer to the inverter side.
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If the correlation coefficient of the rectifier side is less than r2 and close to zero, while that of the inverter side is greater than r2, the fault location is closer to the rectifier side. If the correlation coefficients of the rectifier side and the inverter side are greater than r2, the fault location is located in the middle of the transmission line. If the correlation coefficient of the rectifier side is greater than r2, while that of the inverting side is less than r2 and close to zero, the fault location is closer to the inverter side. The correlation coefficients with the reference value is shown in Figure 8 .
It can also be found from the above analysis that when the transmission line has a single pole-to-ground fault, the fault can be identified by combining the information of the observation points of the fault pole and the non-fault pole. Additionally, the correlation coefficients of the fault pole and non-fault pole are positive and negative. The correlation coefficient between voltage change rate and current of the fault pole is mainly negative, while the correlation coefficient of the non-fault pole is mainly positive. In addition, the absolute value of the correlation coefficient of the non-fault pole is slightly larger than that of the fault pole. Therefore, the correlation coefficient between voltage change rate and current can be obtained from the four observation points at both ends of the transmission line, so that the fault line can be determined and the approximate location of the fault (proximal, intermediate, or distal) can be diagnosed. When the positive pole-to-ground fault occurs on the transmission line, for the positive electrode line, the correlation coefficient ρ jp = ρ(du jp /dt, i jp ) (j = R or j = I) between the voltage change rate and the current obtained from the two observation points on the rectifier side or the inverter side is less than or equal to certain value r 1 (−1 < r 1 < 0), giving min(ρ Rp , ρ Ip ) ≤ r 1 .
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If the correlation coefficient of the rectifier side is greater than r 1 and close to zero, while the correlation coefficient of the inverter side is less than r 1 , the fault location is closer to the rectifier side. If the correlation coefficients of the rectifier side and the inverter side are less than r 1 , the fault location is located in the middle of the transmission line. If the correlation coefficient of the rectifier side is less than r 1 , while the correlation coefficient of the inverter side is greater than r 1 and close to zero, the fault location is closer to the inverter side.
When the positive pole-to-ground fault occurs on the transmission line, for the negative line, the correlation coefficient between the voltage change rate and the current obtained from two observation points on the rectifier side or the inverter side is greater than or equal to certain value r 2 (0 < r 2 < 1), yielding max(ρ Rn , ρ In ) ≥ r 2 .
If the correlation coefficient of the rectifier side is less than r 2 and close to zero, while that of the inverter side is greater than r 2 , the fault location is closer to the rectifier side. If the correlation coefficients of the rectifier side and the inverter side are greater than r 2 , the fault location is located in the middle of the transmission line. If the correlation coefficient of the rectifier side is greater than r 2 , while that of the inverting side is less than r 2 and close to zero, the fault location is closer to the inverter side. The correlation coefficients with the reference value is shown in Figure 8 .
It can also be found from the above analysis that when the transmission line has a single pole-to-ground fault, the fault can be identified by combining the information of the observation points of the fault pole and the non-fault pole. Additionally, the correlation coefficients of the fault pole and non-fault pole are positive and negative. The correlation coefficient between voltage change rate and current of the fault pole is mainly negative, while the correlation coefficient of the non-fault pole is mainly positive. In addition, the absolute value of the correlation coefficient of the non-fault pole is slightly larger than that of the fault pole. Therefore, the correlation coefficient between voltage change rate and current can be obtained from the four observation points at both ends of the transmission line, so that the fault line can be determined and the approximate location of the fault (proximal, intermediate, or distal) can be diagnosed. 
Analysis of Other Faults

Bipolar Short-Circuit Fault
After a bipolar short-circuit fault occurs in the MMC-HVDC transmission line, both the positive and negative voltage of the DC transmission line and the inter-electrode voltage drop, and the amplitude of the decline is related to the transition resistance. In the event of a metallic bipolar short-circuit fault, the voltage amplitude of the transmission line falls to zero. The transient process of a bipolar short-circuit fault in DC transmission lines is also very different from that of a single pole-to-ground fault. The fault current calculated at both ends after the bipolar short-circuit fault and that measured at the fault point are compared in Figure 9 . It can be seen that the two currents are basically identical, with little difference in value, which is quite different from the single pole-to-ground fault. The calculated value of the current at both ends of the single pole-to-ground fault is significantly less than the value measured at the fault point. This indicates that there is no obvious discharge process in the distributed capacitance of the bipolar line during the transient process of the bipolar short-circuit fault, which is essentially different from the single pole-to-ground fault. Figure 10 
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Bipolar Short-Circuit Fault
After a bipolar short-circuit fault occurs in the MMC-HVDC transmission line, both the positive and negative voltage of the DC transmission line and the inter-electrode voltage drop, and the amplitude of the decline is related to the transition resistance. In the event of a metallic bipolar short-circuit fault, the voltage amplitude of the transmission line falls to zero. The transient process of a bipolar short-circuit fault in DC transmission lines is also very different from that of a single pole-to-ground fault. The fault current calculated at both ends after the bipolar short-circuit fault and that measured at the fault point are compared in Figure 9 . It can be seen that the two currents are basically identical, with little difference in value, which is quite different from the single pole-to-ground fault. The calculated value of the current at both ends of the single pole-to-ground fault is significantly less than the value measured at the fault point. This indicates that there is no obvious discharge process in the distributed capacitance of the bipolar line during the transient process of the bipolar short-circuit fault, which is essentially different from the single pole-to-ground fault. Figure 10 If there are two pole-to-ground faults happening at the same time, it is a bipolar short-circuit fault for the MMC-HVDC system. Unlike a bipolar short-circuit fault, the current flow path of two pole-to-ground faults must be pole-to-ground-to-pole. The voltage and current of the two scenarios are compared in Figure 11 . The voltage and current under two pole-to-ground faults that happened at the same time are basically consistent with the bipolar short-circuit fault. If there are two pole-to-ground faults happening at the same time, it is a bipolar short-circuit fault for the MMC-HVDC system. Unlike a bipolar short-circuit fault, the current flow path of two pole-to-ground faults must be pole-to-ground-to-pole. The voltage and current of the two scenarios are compared in Figure 11 . The voltage and current under two pole-to-ground faults that happened at the same time are basically consistent with the bipolar short-circuit fault. Energies 2020, 13, When a bipolar short-circuit fault occurs, the distributed capacitance between the poles of the transmission line is equivalent to being short-connected, and the correlation between the voltage change rate and the current obtained at the measurement point is weak with a small correlation
u t i ρ . The correlation coefficients between the voltage change rate and the current of the bipolar short-circuit fault are shown in Figure 12 . When the bipolar short-circuit fault occurs, both for positive and negative lines, the correlation coefficients between the voltage change rate and the corresponding current obtained from the two observation points on the rectifier side and the inverter side are both greater than a certain value r1 (−1 < r1 < 0), and less than a certain value r2 (0 < r2 < 1). This can be expressed as follows
where i = p, or I = n, Ri ρ represents the correlation coefficient of positive or negative circuits on the rectifier side, and Ii ρ represents the correlation coefficient of positive or negative circuits on the inverter side. In other words, when the bipolar short-circuit fault occurs, the correlation coefficient between the voltage change rate and corresponding current obtained from the four observation points at both ends of the transmission line are between the two fixed values. When a bipolar short-circuit fault occurs, the distributed capacitance between the poles of the transmission line is equivalent to being short-connected, and the correlation between the voltage change rate and the current obtained at the measurement point is weak with a small correlation coefficient ρ(du/dt, i). The correlation coefficients between the voltage change rate and the current of the bipolar short-circuit fault are shown in Figure 12 . When the bipolar short-circuit fault occurs, both for positive and negative lines, the correlation coefficients between the voltage change rate and the corresponding current obtained from the two observation points on the rectifier side and the inverter side are both greater than a certain value r 1 (−1 < r 1 < 0), and less than a certain value r 2 (0 < r 2 < 1). This can be expressed as follows
where i = p, or I = n, ρ Ri represents the correlation coefficient of positive or negative circuits on the rectifier side, and ρ Ii represents the correlation coefficient of positive or negative circuits on the inverter side.
In other words, when the bipolar short-circuit fault occurs, the correlation coefficient between the voltage change rate and corresponding current obtained from the four observation points at both ends of the transmission line are between the two fixed values. When a bipolar short-circuit fault occurs, the distributed capacitance between the poles of the transmission line is equivalent to being short-connected, and the correlation between the voltage change rate and the current obtained at the measurement point is weak with a small correlation
where i = p, or I = n, Ri ρ represents the correlation coefficient of positive or negative circuits on the rectifier side, and Ii ρ represents the correlation coefficient of positive or negative circuits on the inverter side. In other words, when the bipolar short-circuit fault occurs, the correlation coefficient between the voltage change rate and corresponding current obtained from the four observation points at both ends of the transmission line are between the two fixed values. 
AC Side Fault
In the case of an AC side fault, the correlation between voltage change rate and current obtained from observation points at both ends is related to the MMC-HVDC system, and the correlation between voltage change rate and current is very weak. Figure 13 shows the correlation coefficient between the voltage change rates and the current when the AC side fails. Here, 1 is single-phase grounding fault (A-G) on the rectifier side, 2 is two-phase grounding fault (AB-G) on the rectifier side, 3 is three-phase short-circuit fault (ABC) on the rectifier side, 4 is single-phase grounding fault (A-G) on the inverter side, 5 is two-phase grounding fault (AB-G) on the inverter side, and 6 is three-phase short-circuit fault (ABC) on the inverter side. When an AC side fault occurs, for the positive line, the correlation coefficient between the voltage change rate and the corresponding current obtained from the two observation points on the rectifier side and the inverter side are both greater than a certain value r1 (−1 < r1 < 0), and less than a certain value r2 (0 < r2 < 1). For the negative line, the correlation coefficient between the voltage change rate and the corresponding current obtained from the two observation points on the rectifier side and the inverter side are both greater than a certain value r1 (−1 < r1 < 0), and less than a certain value r2 (0 < r2 < 1). In other words, when an AC side fault occurs, the correlation coefficient between the voltage change rate and corresponding current obtained from the four observation points at both ends of the transmission line are between the two fixed values, which also satisfies Equation (5). 
In the case of an AC side fault, the correlation between voltage change rate and current obtained from observation points at both ends is related to the MMC-HVDC system, and the correlation between voltage change rate and current is very weak. Figure 13 shows the correlation coefficient between the voltage change rates and the current when the AC side fails. Here, 1 is single-phase grounding fault (A-G) on the rectifier side, 2 is two-phase grounding fault (AB-G) on the rectifier side, 3 is three-phase short-circuit fault (ABC) on the rectifier side, 4 is single-phase grounding fault (A-G) on the inverter side, 5 is two-phase grounding fault (AB-G) on the inverter side, and 6 is three-phase short-circuit fault (ABC) on the inverter side. When an AC side fault occurs, for the positive line, the correlation coefficient between the voltage change rate and the corresponding current obtained from the two observation points on the rectifier side and the inverter side are both greater than a certain value r 1 (−1 < r 1 < 0), and less than a certain value r 2 (0 < r 2 < 1). For the negative line, the correlation coefficient between the voltage change rate and the corresponding current obtained from the two observation points on the rectifier side and the inverter side are both greater than a certain value r 1 (−1 < r 1 < 0), and less than a certain value r 2 (0 < r 2 < 1). In other words, when an AC side fault occurs, the correlation coefficient between the voltage change rate and corresponding current obtained from the four observation points at both ends of the transmission line are between the two fixed values, which also satisfies Equation (5) . 
Capacitive Fuzzy Identification of a Single Pole-to-Ground Fault
Capacitive Fuzzy Recognition Algorithm
In general, for the single pole-to-ground fault of MMC-HVDC transmission line, the correlation coefficient between voltage change rate and current of the fault pole is mainly negative, while the correlation coefficient of the non-fault pole is mainly positive. Additionally, the absolute value of the correlation coefficient of the non-fault pole is slightly larger than that of the fault pole. For the fault line, the correlation coefficient between the voltage change rate and the current obtained from two observation points on the rectifier side or the inverter side is less than a certain value r1 (−1 < r1 < 0). For the non-fault line, the correlation coefficient between the voltage change rate and the current obtained from two observation points on the rectifier side or the inverter side is greater than a certain value r2 (0 < r2 < 1). The correlation coefficients between the voltage change rate and the current at the same positive and negative observation points are generally one positive and one negative.
When other faults occur in MMC-HVDC systems, the correlation between the voltage change rate and the current is very weak. The correlation coefficient between the voltage change rate and the current at the positive pole is consistent with the symbol of the correlation coefficient at the negative pole, and the absolute values of the correlation coefficients are also very close. Let 
According to the characteristics of an MMC-HVDC transmission line after a single pole-to-ground fault, Kj should be negative, while Kj should be positive when other faults occur.
When the near-end single pole-to-ground fault occurs (assume in the rectifier side), the correlation between the voltage change rate and the current is relatively weak, and the corresponding correlation coefficient is near zero. Due to factors such as measurement error and calculation error, the ratio of KR may be positive. However, for the other end, it is the fault of the remote end. The correlation between the voltage change rate and the current is very strong, and the corresponding correlation coefficient is also relatively high. The ratio KI must be negative. Therefore, 
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In general, for the single pole-to-ground fault of MMC-HVDC transmission line, the correlation coefficient between voltage change rate and current of the fault pole is mainly negative, while the correlation coefficient of the non-fault pole is mainly positive. Additionally, the absolute value of the correlation coefficient of the non-fault pole is slightly larger than that of the fault pole. For the fault line, the correlation coefficient between the voltage change rate and the current obtained from two observation points on the rectifier side or the inverter side is less than a certain value r 1 (−1 < r 1 < 0). For the non-fault line, the correlation coefficient between the voltage change rate and the current obtained from two observation points on the rectifier side or the inverter side is greater than a certain value r 2 (0 < r 2 < 1). The correlation coefficients between the voltage change rate and the current at the same positive and negative observation points are generally one positive and one negative.
When other faults occur in MMC-HVDC systems, the correlation between the voltage change rate and the current is very weak. The correlation coefficient between the voltage change rate and the current at the positive pole is consistent with the symbol of the correlation coefficient at the negative pole, and the absolute values of the correlation coefficients are also very close.
Let ρ jp = ρ(du jp /dt, i jp ) (j = R or j = I) be the correlation coefficient of the positive line voltage change rate and current on the rectifier or inverter side, and let ρ jn = ρ(du jn /dt, i jn ) (j = R or j = I) be the correlation coefficient between the negative line voltage change rate and current on the rectifier or inverter side, then the ratio K j (j = R or j = I) is
According to the characteristics of an MMC-HVDC transmission line after a single pole-to-ground fault, K j should be negative, while K j should be positive when other faults occur.
When the near-end single pole-to-ground fault occurs (assume in the rectifier side), the correlation between the voltage change rate and the current is relatively weak, and the corresponding correlation coefficient is near zero. Due to factors such as measurement error and calculation error, the ratio of K R may be positive. However, for the other end, it is the fault of the remote end. The correlation between the voltage change rate and the current is very strong, and the corresponding correlation coefficient is also relatively high. The ratio K I must be negative. Therefore, if only one ratio K j is negative, a single pole-to-ground fault can be determined. It can also be expressed that as long as the small K j value is negative, it can be determined as a single pole-to-ground fault, which gives min(K R, K I ) < 0.
It can be seen from the previous analysis that the absolute value of the voltage change rate and current correlation coefficient of the fault pole is slightly less than that of the non-fault pole when the single pole-to-ground fault occurs. K j is the correlation coefficient of the positive line divided by the correlation coefficient of the negative line. In case of the positive pole-to-ground fault, the correlation coefficient ρ jp of the positive pole is slightly less than that of negative pole ρ jn . Therefore, |K j | is less than 1. If the negative pole-to-ground fault occurs, the positive line correlation coefficient ρ jp is slightly greater than the negative line correlation coefficient ρ jn , so |K j | is greater than 1, as follows
Note that the above method is called capacitive fuzzy recognition because it derives from the capacitive characteristics of the line measured according to the correlation.
Fault Identification Flow Chart
From the aforementioned analysis, the correlation coefficient ratio between positive and negative in the case of a single pole-to-ground fault in MMC-HVDC transmission lines, K j , is quite different from the correlation coefficient ratio calculated in other types of faults. The ratio K j of the rectifier side and the inverter side is calculated respectively. According to Equation (7), it is determined whether the MMC-HVDC transmission line has a single pole-to-ground fault. If a single pole-to-ground fault occurs, the fault pole can be identified according to Equation (8) . The single pole-to-ground fault identification process is demonstrated in Figure 14 .
Quantitative Simulation Results
The studied MMC-HVDC system is built on PSCAD4.5 version via a personal computer with an IntelR CoreTMi5 CPU at 3.2 GHz and 12 GB of RAM. The fault setting points are shown in Figure 15 . For the single pole-to-ground fault on the DC side, positive pole-to-ground fault (f 1 ) and negative pole-to-ground fault (f 2 ) are set at different positions. For other faults, the bipolar short-circuit fault (f 3 ), the single-phase grounding fault (A-G) on the AC side of the rectifier (f 4 ), and the three-phase short-circuit fault (ABC) on the AC side of the inverter (f 5 ) are set. When a fault occurs in the MMC-HVDC system, the capacitive fuzzy recognition algorithm is applied to identify the single pole-to-ground fault of MMC-HVDC transmission line. According to Equation (7), it is determined whether the MMC-HVDC transmission line has a single pole-to-ground fault. If a single pole-to-ground fault occurs, the fault pole can be identified according to Equation (8) . The quantitative simulation results are provided in Tables 1 and 2 , respectively, considering different fault distance, faulty poles, and fault resistance.
In Table 1 , the positive pole-to-ground fault and the negative pole-to-ground fault are correctly identified as a single pole-to-ground fault by using Equation (7) , and the bipolar short-circuit fault and AC side faults are other faults. For the single pole-to-ground faults, the fault poles are identified correctly according to Equation (8) . The results are presented in Table 2 . Energies 2020, 13, 
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Conclusions
This paper presents a novel capacitive fuzzy identification algorithm based on the characteristics of a single pole-to-ground fault in MMC-HVDC transmission lines. After the single pole-to-ground fault of the MMC-HVDC transmission line occurs, the correlation coefficient between the voltage change rate and the current of the fault pole is mainly negative, while the correlation coefficient of the non-fault pole is mainly positive. Additionally, the absolute value of the correlation coefficient of the non-fault pole is slightly larger than that of the fault pole. However, other types of failures have no such characteristics.
In the proposed algorithm, the ratio of correlation coefficients (K j ) is calculated by the rectifier side and the inverter side, respectively. As long as K j is negative on one side, it can be determined that the MMC-HVDC transmission line has a single pole-to-ground fault. Based on the value of |K j |, whether it is less or greater than 1, the fault pole can be identified.
When the single pole-to-ground fault occurs in the MMC-HVDC transmission line, the approximate location of the fault (proximal, intermediate, and distal) can be roughly determined from both the fault pole and non-fault pole. For the fault line, if the correlation coefficient of the rectifier side is greater than r 1 and close to zero, while the correlation coefficient of the inverter side is less than r 1 , the fault location is closer to the rectifier side. On the other hand, if the correlation coefficients of both the rectifier side and the inverter side are less than r 1 , the fault location is located in the middle of the transmission line. Moreover, if the correlation coefficient of the rectifier side is less than r 1 , while the correlation coefficient of the inverter side is greater than r 1 and close to zero, the fault location is closer to the inverter side. 
